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Osteoarthritis (OA), a leading cause of disability, affects 27 million people in the United States and its
prevalence is rising along with the rise in obesity. So far, biomechanical or behavioral interventions as
well as attempts to develop disease-modifying OA drugs have been unsuccessful. This may be partly due
to antiquated imaging outcome measures such as radiography, which are still endorsed by regulatory
agencies such as the United States Food and Drug Administration (FDA) for use in clinical trials.
Morphological magnetic resonance imaging (MRI) allows unparalleled multi-feature assessment of the
OA joint. Furthermore, advanced MRI techniques also enable evaluation of the biochemical or ultra-
structural composition of articular cartilage relevant to OA research. These compositional MRI techniques
have the potential to supplement clinical MRI sequences in identifying cartilage degeneration at an
earlier stage than is possible today using morphologic sequences only. The purpose of this narrative
review is to describe compositional MRI techniques for cartilage evaluation, which include T2 mapping,
T2* Mapping, T1 rho, dGEMRIC, gagCEST, sodium imaging and diffusion weighted imaging (DWI). We
also reviewed relevant clinical studies that have utilized these techniques for the study of OA. The
different techniques are complementary. Some focus on isotropy or the collagen network (e.g., T2
mapping) and others are more speciﬁc in regard to tissue composition, e.g., gagCEST or dGEMRIC that
convey information on the GAG concentration. The application and feasibility of these techniques is also
discussed, as they will play an important role in implementation in larger clinical trials and eventually
clinical practice.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is one of the most prevalent musculoskeletal
conditions, affecting up to 27 million people in the United States
with a further increase in prevalence to be expected in the future: A. Guermazi, Quantitative
of Medicine, Section Chief,
820 Harrison Avenue, FGH
7-414-3893; Fax: 1-617-638-
ternational. Published by Elsevier Ldue to an aging population and the obesity pandemic1,2. One of the
hallmark features of OA from a structural perspective is cartilage
degradation, which has a progressive, irreversible course and is
closely interrelated with pathology of other joint tissues, including
the subchondral bone, meniscus, synovium and others3.
The structural diagnosis of OA is based on the presence of a
deﬁnite osteophyte on an anterior-posterior radiograph. Joint space
narrowing (JSN) is considered to be a surrogate for cartilage loss
although it is well established that meniscal damage and particu-
larly extrusion contribute to JSN4,5. Although radiography is not
sensitive to progression of cartilage loss, JSN on radiographs is
recommended by regulatory agencies including the United Statestd. All rights reserved.
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endpoint to establish the effectiveness of disease-modifying OA
drugs3,6e8.
Magnetic resonance imaging (MRI) allows direct visualization of
all tissues involved in the OA disease process including articular
cartilage. In addition to qualitative or quantitative morphologic
assessment, MRI-based techniques have been developed that allow
characterization and quantiﬁcation of the biochemical composition
of cartilage. These include relaxometry measurements (T2, T2*,
T1rho mapping and T1), sodium imaging, delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC), glycosaminoglycan speciﬁc
chemical exchange saturation transfer (gagCEST), diffusion
weighted imaging (DWI), and diffusion tensor imaging (DTI). These
compositional MRI techniques may have the potential to serve as
quantitative, reproducible, non-invasive and objective endpoints
for OA research, particularly in early and pre-radiographic stages of
the disease.
The purpose of this review article is to describe the currently
available MRI-based compositional cartilage imaging techniques,
and to provide an update on the application of these techniques in
OA research. This study is a non-systematic, narrative review based
on a comprehensive literature search in PubMed and Medline,
completed in May 2014, using the search terms “osteoarthritis” and
“magnetic resonance imaging” (or MRI). This search strategy yiel-
ded 3027 results. Additional keywords including “compositional
MRI”, “T2”, “T2*”, “T1rho”, “T1”, “sodium imaging”, “gagCEST”,
“dGEMRIC”, “DWI” and “DTI”, were used to narrow the search. The
authors screened the resulting abstracts and ﬁnally 91 articles
published in English were included for this review.Fig. 1. Sagittal T2 map obtained from a healthy volunteer subject (32 years old male
volunteer with Kellgren and Lawrence grade 0 knee) shows lower relaxation times
compared to OA patients. The global T2 relaxation times from multiple slices in the
healthy subject are 41 ± 5.6 ms.Basic principles of compositional MRI techniques and
application of compositional MRI techniques in OA research
Articular cartilage is responsible for resistance to compressive
forces, distribution of load, and together with synovial ﬂuid,
frictionless movement of the articular joint components9. It
consists of approximately 70e80% ﬂuid and 20e30% solid extra-
cellular matrix (ECM) with a sparse distribution (about 2%) of
chondrocytes10. Chondrocytes are presumed to be responsible for
any homeostatic and repair processes that modulate the
composition of the ﬂuid-like macromolecular network of carti-
lage11. The ECM is made up of a network of collagen ﬁbrils and
proteoglycan molecules. Collagen, a ﬁbrillar macromolecule, is by
far the most abundant macromolecule, accounting for about 20%
of cartilage volume by weight11. Physiologically, the collagen
network is highly organized and serves as the tissue's structural
framework and its principal source of tensile and shear
strength11. Although the collagen network becomes disrupted in
OA and there is a net loss in total collagen content, its concen-
tration is not appreciably affected in disease states12e14. A pro-
teoglycan unit includes a protein core and covalently attached
glycosaminoglycans (GAGs)9. The negatively charged GAGs
contribute to the majority of the ﬁxed charge density in the ECM
and are neutralized by mobile cations, usually sodium (23Na)
being the most abundant physiologically9.
Initial histological and biochemical changes of cartilage degen-
eration involve disruption of the collagen network, decrease in
proteoglycan content and increase in permeability to water15.
Compositional MRI techniques enable detection of these
biochemical changes in the cartilage ECM before morphological
change occurs16. Because of well-documented importance of
collagen and GAG to the functional and structural integrity of
cartilage, efforts toward developing MRI techniques to interrogate
cartilage macromolecules have focused on collagen and GAG11.Spinespin relaxation (T2) mapping
T2 relaxation time is the rate constant of proton dephasing in
the transverse plane after a radio frequency (RF) pulse. Articular
cartilage T2 reﬂects the water content, collagen content and
collagen ﬁber orientation in the ECM, with longer T2 values
thought to represent cartilage degeneration17e22. Multi-echo, spin-
echo, and fast spin echo -based sequences are most often used for
T2 relaxation time measurements. Calculation of T2 relaxation
values from cartilage regions of interest is usually performed by
mono exponential curve ﬁtting of the signal intensity of each echo-
time (TE) for each voxel23. Laminar (multilayer) analysis of normal
articular cartilage T2 maps has shown that T2 values are higher in
the superﬁcial zone than in the deep cartilage zone (Fig. 1). This is
because the deep zone collagen ﬁbers are so densely packed that
the mobility of the protons is reduced24. Researchers have to be
aware that since the superﬁcial cartilage is progressively lost in OA,
laminar analysis may not be particularly useful once advanced
degeneration has occurred25,26. Furthermore, T2 measurements are
not very reliable for the deep and calciﬁed cartilage layers, which
have short inherent spinespin relaxation times27,28.
In addition to variation in signal intensity with respect to depth
from the articular surface, there are differences with respect to
location in the joint29. Goodwin and colleagues have correlated this
regional variation in signal intensity with obliquity of the collagen
matrix cleavage planes on freeze fracture specimens30. Xia and
colleagues have performed high-resolution correlations of cartilage
T2 and ﬁbril anisotropy measured with polarized light microscopy
in canine humeral head samples31. These studies showed the high
degree of structural variation of the cartilage tissue with respect to
location of the joint, and the sensitivity of cartilage T2 relaxation to
the tissue architecture11.
T2 relaxation also is prone to magic angle effects, an artifact
encountered with respect to the relative orientation of cartilage to
appliedmagnetic ﬁeld (B0)21.When collagen ﬁbers are oriented 55
relative to the applied static magnetic ﬁeld (B0), this relaxation
mechanism is minimized resulting in a longer T2. This has been
termed the “magic angle effect,” derived from the technique of
magic angle spinning used to reduce the residual dipolar interac-
tion of crystalline solids in nuclear MR spectroscopy32. In clinical
MR imaging, the magic angle effect has been invoked to explain the
etiology of the focally increased signal observed on short TE images
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condyle33 and talar dome34. Because increased T2 is associated
with cartilage damage, artifact from the magic angle effect is a
potential source of diagnostic error21.
The T2 mapping pulse sequence is available on most of the
vendor platforms, which means it could be widely applicable.
Reproducibility35 and validity of T2 quantiﬁcation17,18 have been
well documented.
Numerous clinical studies have used T2 mapping of cartilage
demonstrating its ability to show evidence of cartilage degener-
ation even in morphologically normal knees on conventional MRI
as well as in OA-affected cartilage (i.e., with radiographic JSN)18,
but studies to evaluate the association of cartilage T2 measure-
ments with symptoms are sparse. One study assessed cartilage T2
values in a matched cohort with and without knee pain; it found
elevated T2 values in subjects with knee pain36. Another study
involving persons with and without radiographic knee OA showed
positive correlation with higher T2 values in the medial
compartment cartilage and higher degree of knee pain18. On the
other hand the association of T2 values with risk factors for OA
including age, gender, obesity, and malalignment has been
extensively studied. Mosher et al. demonstrated an association of
elevated T2 values in superﬁcial cartilage layers with age, sug-
gesting that initial degenerative changes may occur at the articular
surface with aging37. A study comparing differences in T2 values
between healthy men and women found no differences between
genders38. A study of 267 subjects from the Osteoarthritis Initia-
tive found higher knee cartilage T2 values in obese subjects
compared to those with normal weight39. Serebrakian and col-
leagues found a decrease in body mass index of 10% or more to be
associated with slower progression of cartilage T2 values over
4 years in the knees of subjects with risk factors for OA40. While
commonly increased T2 values are associated with cartilage
degeneration, a study reporting no signiﬁcant change in T2 values
with cartilage degeneration relative to normal cartilage does exist
in the literature41.
Longitudinal studies of the effect of knee malalignment on
cartilage T2 values are lacking. One cross-sectional study, how-
ever, compared the knees of 12 subjects with varus and 12 with
valgus malalignment, and found an association of increased
cartilage T2 with varus malalignment in the medial compart-
ment42. The association of physical activity with cartilage degen-
eration remains controversial and only a few studies have assessed
the relationship using T2 mapping. Acute loading of the knee after
physical exercise results in decreased T2 values in the weight
bearing femur and tibia, likely secondary to water mobility43,44.
Studies examining long-term effects of physical activity have
found higher levels of exercise to be associated with higher
cartilage T2 values45,46. In a longitudinal study that assessed ac-
tivity based on a physical activity scale for the elderly (PASE),
increased cartilage T2 value progression was seen in those with
high levels of physical activity as well as those with very low
physical activity levels. This suggests that sedentary lifestyle and
high-loading both effect cartilage integrity47. Using arthroscopy as
the reference, one recent study suggested that the addition of a T2
mapping sequence to a routine MRI protocol at 3.0 T improved
sensitivity in the detection of cartilage lesions within the knee
joint with only a small reduction in speciﬁcity48. A long-term
follow-up study, up to maximum of 11 years, by Potter and col-
leagues showed patients with acute traumatic anterior cruciate
ligament disruption sustained a chondral injury at the time of
initial impact with subsequent longitudinal chondral degradation
in compartments unaffected by the initial “bone bruise”, a process
that is accelerated at 5e7 years' follow-up49.T2* mapping
Compared with other biochemically sensitive MRI techniques,
T2* mapping has unique features including speed of imaging, high
image resolution, and the ability to carry out isotropic three-
dimensional (3D) cartilage evaluation. It is also easy to imple-
ment on clinical MRI systems, as pulse sequences and inline pro-
cessing software for generating quantitative T2* maps are
available commercially. In addition, there is no need for contrast
media administration or special hardware50. Reproducibility
studies for T2* have demonstrated good inter- and intra-observer
reproducibility51e53.
T2* relaxation is unique for gradient echo (GRE) imaging
because it requires a de-phasing effect that is eliminated in spin-
echo MRI. GRE sequences are more time-efﬁcient than spin-echo
sequences, but are also more prone to local ﬁeld inhomogeneities
and susceptibility54. In common with T2 mapping, T2* mapping
enables assessment of water content, collagen ﬁber network, and
zonal variation reﬂecting biochemical composition of cartilage. As
for T2 measurements, a decrease in T2* is noted toward the deep
cartilage zones in normal cartilage and the T2* values are higher in
diseased cartilage55e58. Despite these similarities, there are signif-
icant differences between the two imaging modalities that have led
to diverging T2 and T2* values in various grades of cartilage
degeneration52,56,59. T2 mapping spin-echo sequences utilize echo
times of ~ 10e100ms. Therefore, T2mapping techniques capture T2
relaxation, which to a large extent is related to bulk water, while
they are rather insensitive to T2 signals that decay more rapidly (T2
relaxation < 10 ms)60,61. T2* mapping, in contrast, includes shorter
echo times and as such reﬂects a wider range of T2 relaxation
occurring in cartilage tissue. Notably, because of the absent 180
refocusing pulse, T2* relaxation is less sensitive to stimulated
echoes and magnetization transfer62,63.
Ultrashort echo-time enhanced T2* (UTE-T2*) mapping of
cartilage is a new technique with the potential to visualize deep
cartilage characteristics better than standard T2 mapping64. Pre-
vious spectroscopic approaches to measuring cartilage UTE-T2*
have determined that UTE-T2* values in deep tissue are short,
perhaps as short as 1 ms in calciﬁed cartilage, and increase toward
the articular surface65,66. UTE-T2* mapping of human articular
cartilage explants has been shown to be more robust in deep
cartilage than the standard T2 mapping, and UTE-T2* values have
been shown to increase with increasing collagen matrix degener-
ation64. Williams et al. demonstrated clinical feasibility of in vivo 3D
UTE-T2* mapping at 3 T using a standard clinical MRI scanner and
knee coil. In asymptomatic subjects, UTE T2* values were shown to
be higher in superﬁcial cartilage compared to deep cartilage in
central weight-bearingmedial femoral condyle and tibial plateau59.
Other recent studies demonstrated reduction in T2* values with
degeneration of articular cartilage in the knee and hip joints67e69.
This decrease in T2* values has also been shown to correlate with
morphological cartilage damage56. However, one study showed the
opposite result, i.e., higher T2* values with patients who have
symptomatic arthrosis of the ankle secondary to cavovarus feet
compared to asymptomatic patients or those without the pathol-
ogy70. More scientiﬁc evidence is needed to deﬁnitively determine
the meaning and clinical signiﬁcance of T2* values and their cor-
relation with cartilage degeneration.
T1rho imaging
T1rho is spin-lattice relaxation in the rotating frame and is
similar to T2 relaxation except that there is an additional RF pulse
applied after the magnetization is tipped into transverse plane. The
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RF ﬁeld. The signal decay is exponential with a time constant,
T1rho, and is typically calculated frommultiple images by changing
the duration of the spin-locking pulse. In liquids, T1, T2, and T1rho
relaxation times may be similar, but in tissue these values are
typically different (T2 < T1rho < T1). The measurements of T1rho
probe molecular ﬂuctuations in the kHz range because of the
dependence on the RF-generated magnetic ﬁeld (B1), whereas T2
probes ﬂuctuations in theMHz range because of the dependence on
the static magnetic ﬁeld (B0)11,71. T1rho values may reﬂect non-
speciﬁc changes in the cartilage ECM and proteoglycan con-
tent72,73. In vitro studies have demonstrated that depletion of pro-
teoglycan results in increased T1rho values, suggesting that T1rho
estimates proteoglycan content74. Speciﬁcally T1rho probes the
slow motion interactions between motion-restricted water mole-
cules and their local macromolecular environment. As with T2 and
T2*, there is a depth-wise distribution of T1rho values, with the
highest values seen at the articular surface74. This technique re-
quires neither contrast agent injection nor special RF hardware but
does need an MR scanner that is capable of a customized pulse
sequence speciﬁc to this application.
Regatte et al. have suggested that T1rho relaxation mapping is a
sensitive imaging marker for quantitative monitoring of macro-
molecules in early OA75. Normal articular cartilage from a healthy
volunteer shows shorter T1rho values compared to cartilage
affected by OA (Fig. 2). Also, T1rho relaxation time has been shown
to be longer in cartilage with advanced degeneration than in
cartilage with intermediate degeneration76. Although T1rho value
changes are correlated with proteoglycan loss in vitro77, other
studies have suggested that T1rho values may not be speciﬁc to any
one inherent tissue parameter78. There is evidence that other fac-
tors, including collagen ﬁber orientation and the concentration of
other macromolecules, also contribute to changes in T1rho
values79. T1rho imaging has been suggested to be more sensitive
than T2 mapping for differentiating between normal cartilage and
early-stage OA80 (Fig. 3). A recent study by Wang et al. compared
parallel changes of quantitative T2 and T1rho, mapping of human
cartilage and suggested that T1rho mapping seem to be more
sensitive in detecting early stages of cartilage degeneration than
quantitative T281. A study by Thuillier et al. showed that the T1rho
technique was able to differentiate subjects with patellofemoral
pain from controls, but T2 values were not82. However, studies by LiFig. 2. Sagittal T1r map obtained from a healthy volunteer subject (32 years old male
volunteer with Kellgren and Lawrence grade 0 knee) shows lower relaxation times
compared to OA patients. The T1r relaxation times in the healthy subject are
52 ± 3.5 ms.et al. have shown that T2 and T1rho values show different spatial
distributions and may provide complementary information83. A
few studies have examined the associations between T1rho values
and OA risk factors. A study by Wang et al. suggested some degree
of association between knee alignment and subregional T1rho
values of femorotibial cartilage in patients with clinical OA84. They
found signiﬁcantly higher T1rho values in the medial femoral
cartilage subregion in the varus group than in any other cartilage
subregions in the valgus group.
A study by Stahl et al. found that physically active subjects with
focal cartilage morphological abnormalities have elevated T1rho
values of cartilage compared to thosewithout such abnormalities80.
Souza et al. observed signiﬁcant elevations in T1rho values of the
adjacent compartment (medial tibia) and medial meniscus in
subjects with medial femoral cartilage lesions85. A study by Zarins
et al. correlated meniscal damage with cartilage degeneration, us-
ing both T2 and T1rho measurements86. Bolbos et al. demonstrated
injury related changes in cartilage and meniscal biochemical
composition using T1rho mapping in patients with acute ACL in-
juries87. The T1rho mapping technique has been shown to non-
invasively detect cartilage pathology in knees with injured ACL88.
Li et al. have shown that T1rho can detect the changes in the
cartilage matrix in ACL-reconstructed knees as early as 1 year after
reconstruction89.
Delayed gadolinium-enhanced MRI of cartilage (dGEMRIC)
dGEMRIC is a T1 relaxation-time measurement technique, that
uses the negative ionic charge of gadopentetate dimeglumine
(Gd-DTPA2) to map the ﬁxed charge density of cartilage GAGs90,91.
Gd-DTPA2 is repelled by the negatively charged GAGs and there-
fore distributed in inverse proportion to the local proteoglycan
concentration. Gd-DTPA2 accumulates in areas of lowGAG content
and cartilage will consequently have a shorter T1 relaxation time in
these regions.
The ability to measure spatial variations in cartilage GAG con-
centration in vitrowith dGEMRIC has been validated biochemically
and histologically using both bovine and human cartilage92e95. The
feasibility of using dGEMRIC in vivo was demonstrated, and the
interpretation of the MR images as representing GAG distribution
was supported by literature evidence. Excellent correlation be-
tween in vivo images of patients scheduled for total knee replace-
ment surgery and ex vivo images of the same joint after surgery95.
Similarly, when Gd(DTPA)2 was injected intravenously into pa-
tients 2 h before total joint replacement surgery, with subsequent
post-excision MRI and histology, the distribution of Gd(DTPA)2 in
the cartilage after excision compared well with histologic re-
sults79,96. Thus it was demonstrated that in vivo spatial variations in
cartilage T1 values in the presence of Gd(DTPA)2, under suitable
conditions, can be interpreted as variations in tissue GAG concen-
tration91. However, whether one should use ionic or non-ionic
contrast for dGEMRIC remains to be a matter of discussion. In one
study, spatial variations in in vivo T1 values were observed
following penetration of an ionic contrast agent but not of a
nonionic contrast agent, indicating that T1 variations depend on
the tissue charge93. However, a more recent study97 showed the
differences between ionic and non-ionic contrast agents for
dGEMRICwere not as clear as the aforementioned study93 and even
concluded that the use of non-ionic contrast enables better
discrimination of the health status of cartilage97.
dGEMRIC images are typically obtained after 90-min delay
following injection of gadolinium contrast agent to allow diffusion
and contrast equilibration within the cartilage. However, the
different time delays may be required from joint to joint and even
between compartments within the same joint due to different
Fig. 3. 62-year-old woman with KellgreneLawrence grade 1 OA and no abnormalities on conventional morphological MRI. Two representative sagittal T2 (a, b; spatial resolution
0.59  0.59  1.5 mm) and T1rho (c, d; spatial resolution 0.59  0.59  3.0 mm) MRI with overlaid maps, show that the relaxation times for the T2 and T1rho mapping fall into
distinctly different ranges of values with the obviously higher dynamic range in T1rho for the osteoarthritic subject. Generally, T2 reﬂects the collagen structural integrity and T1rho
probes the slow motion interactions between motion-restricted water molecules and their local macromolecular environment. The proﬁle plots of the T2 and T1rho (e) relaxation
times measured in the same subject as in Fig. 2(A) and (C). The vertical rectangular white ROIs were used for proﬁle plotting (solid line for T2 and dashed line for T1rho
respectively). Each point on the proﬁle is an average of 5  5 pixels, i.e., a small ROI in the weight bearing region, and error bars show the respective standard deviation. The proﬁle
plots show the difference across the cartilage thickness. (Image reproduced with written permission: original publication e Wang L, Regatte RR. Acad Radiol. 2014; 21:463e71.)
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Fig. 4. dGEMRIC assessment of the medial tibiofemoral compartment of an asymp-
tomatic female volunteer (Kellgren and Lawrence grade 0 knee) using a sagittal 3D
inversion recovery-prepared SPGR sequence with selective water excitation acquired
90 min after Gd-DTPA(2) intravenous administration (in-plane resolution of
0.31 mm  0.31 mm and a slice thickness of 1.0 mm; TE ¼ 7.2e8.5 ms, TR ¼ 16e17 ms,
ﬂip angle ¼ 12 , bandwidth ¼ 130 Hz/pixel, matrix size ¼ 512  512). Using the color
coded map as the reference, high dGEMRIC indices are depicted in the medial
compartment (values varied from 760 ms to 932 ms in this slice).
A. Guermazi et al. / Osteoarthritis and Cartilage 23 (2015) 1639e16531644cartilage thicknesses. Challenges in applying dGEMRIC in clinical
studies include the lack of standardization of patient physical ac-
tivity required before MR examination and potential side effects of
gadolinium, which is usually applied in a double dose91. On the
other hand there is long-standing experience with dGEMRIC and it
is probably one of the best-understood compositional
methodologies98e103.
dGEMRIC is sensitive to cartilage proteoglycan content and may
predict the development of OA100. Generally, normal healthy
cartilage demonstrates high dGEMRIC values (Fig. 4) which de-
creases with increasing degree of cartilage degeneration. It was
recently demonstrated that T1Gd values in medial tibiofemoral
compartments decrease as the radiographic KellgreneLawrence
grade increases103 (Figs. 5e7). Prescribed immobilization after
injury, of only 6 weeks, has been shown to result in biochemical
changes in the cartilage measureable by dGEMRIC with a mean
decrease seen in T1 relaxation time (T1Gd) seen at 4 months, which
persisted for up to a year99. In a longitudinal study, Owman et al.
found that low baseline T1Gd using dGEMRIC in medial and lateral
femoral cartilage was associated with a higher grade of JSN after 11
years, and also with development of osteophytes98. A study byFig. 5. 23-year-old man with a moderate osteochondral defect on the patellar cartilage seen
administration (c) show a signiﬁcant decrease of T1 relaxation times in the cartilage lesion a
superﬁcial lesion medially which correspond to regions of lower glycosaminoglycan (GAG)
importance of postcontrast T1 mapping (c) for GAG evaluation.Crema et al. found high-grade medial meniscal damage to be
associated with low T1Gd times in the medial tibiofemoral
compartment102. Lattanzi et al. recently demonstrated that
dGEMRIC was accurate in detecting, at the hip, cartilage damage
due to femoroacetabular impingement104. In an earlier study, Kim
et al. also showed that dGEMRIC index was signiﬁcantly different in
subgroups with mild, moderate, and severe grades of hip
dysplasia105, which suggests the ability of dGEMRIC to detect
varying cartilage degeneration among these groups. In a study of
111 obese adults, dGEMRIC showed that weight loss over the course
of a year resulted in increased cartilage proteoglycan content106. A
recently published study evaluated articular cartilage using
dGEMRIC after viscosupplementation with hyaluronic acid in pa-
tients with early knee OA107. The study found no change in the
structural composition of cartilage after 14 weeks, even though
symptomatic improvement was reported. However, another recent
study showed that a decrease in T1Gd values over time predicted an
increase in cartilage thickness in the same tibiofemoral compart-
ment after 2 years, mainly in middle-aged women with no radio-
graphic OA or early radiographic OA101. The authors suggested that
such an association might occur in the early stages of degeneration
when swelling of cartilage (with increased thickness) is seen.
Sodium (23Na) imaging
The nucleus of the sodium ion 23Na possesses a quadrupolar
moment that interacts with the electric ﬁeld gradients of the sur-
roundings, leading to complex relaxation processes in biological
tissues that can result in biexponential T1 and T2 relaxation
times108. Sodium concentration is known to be correlated directly
with the proteoglycan concentration in cartilage109,110. In healthy
cartilage, the average sodium concentration is generally in the
range 200e300 mmol/L, which is around 260e400 times lower
than the in vivowater proton concentration108. The combination of
all these factors results in a sodium MRI signal that is approxi-
mately 3000e4500 times lower than the proton signal in cartilage.
The low sodium concentration in cartilage combined with the low
MR receptivity of sodium nuclear spins and their very short
transverse relaxation time makes the detection of sodium signal
very challenging and results in images with low signal to noise
ratio, low resolution (2e4 mm isotropic) and long acquisition times
(15e30 min)108. Due to the aforementioned low resolution of so-
dium images, partial volume effects from surrounding tissues, such
as subchondral edema or synovial ﬂuid (sodium concentration of
140e150 mmol/L compared to cartilage sodium concentration
~250e300 mmol/L) can inﬂuence the accuracy of quantitative so-
diumMRI results. Tominimize the contamination of cartilage signalon axial proton density-weighted MRI (a). T1 before (b) and after intravenous contrast
rea of the medial facet of the patella. There is a focal small but deep lesion and a larger
content. Precontrast T1 map (a) does not show signiﬁcant changes, underscoring the
Fig. 6. 62-year-old woman with advanced OA in the medial femorotibial compartment. Sagittal proton density-weighted MRI (a) shows marked thinning of cartilage at the weight-
bearing central medial femur adjacent to the medial meniscus (large white arrows). Note the large intrachondral osteophyte of the anterior part of the weight-bearing medial femur
(small white arrows). Diffuse cartilage damage is also shown at the anterior medial femur (arrowhead). The tibial cartilage appears morphologically normal. The corresponding
dGEMRIC image (b) shows a decrease in the dGEMRIC index particularly in the weight bearing areas at the central and posterior tibia (large white arrows) as well as in the su-
perﬁcial zones of the central medial femoral cartilage (small white arrows) representing low GAG concentration.
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employed such as inversion recovery preparation based ﬂuid sup-
pression (based on T1 differences), double-echo subcontracting
methods (based on T2* differences) compared to the reference
standard triple-quantum ﬁltering (based on T2 differences). In or-
der to correct the within-voxel contamination, we need to measure
the voxel-wise water content mapping. From the hardware point of
view, sodium MRI requires the use of high magnetic ﬁeld (e.g., 3 T
and 7 T) with high magnetic ﬁeld gradients and special RF coils and
broadband hardware108,111,112.
Sodium imaging correlates with the ﬁxed charge density and
GAG content in cartilage113 and therefore may also be used in early
detection of OA. Clinical studies using sodium MRI, however, are
limited. A feasibility study by Wheaton et al.109 used sodium im-
aging to compare the cartilage of healthy subjects with subjects
with symptoms of early OA. They found a highermean ﬁxed-charge
density in the healthy individuals. The symptomatic subjects had
focal regions of decreased ﬁxed charge density, with mean values
ranging from 108 to 144 mmol/L, indicative of proteoglycan
loss109 (Fig. 8). Madelin et al. reported the reproducibility and
repeatability of sodium quantiﬁcation in cartilage in vivo using
intraday and interday acquisitions at 3 T and 7 T, with a radial 3D
sequence, with and without ﬂuid suppression112. No signiﬁcant
intermagnet, intersequence, intraday, or interday differences were
observed in the coefﬁcients of variation. A recently described so-
dium quantiﬁcation technique using inversion recovery wide-band
uniform rate and smooth truncation (IR-WURST) gave values that
were closer to those reported in the literature for healthy cartilage
(220e310 mM) than the values from radial 3D112. A recent study111
also reported that the sodium concentration in both healthy and OA
knees at 7 T imaging with ﬂuid suppressed sodiumMRI can be used
for detection of OA (Kellgren and Lawrence grade 1e4 knees in
symptomatic patients fulﬁlling the criteria by the American College
of Rheumatology) with 82% sensitivity, 74% speciﬁcity and 78%
accuracy (Fig. 9). Findings of these studies suggest quantitative
sodium MR imaging of articular cartilage in vivo may be a useful
biomarker for detecting clinical and radiographic OA.
DWI and DTI
Intra- and extracellular barriers determine the molecular mo-
tion of water. Diffusion MRI techniques are sensitive to therestriction of motion of water molecules bound within a macro-
molecular environment. These methods use paired magnetic ﬁeld
gradient pulses to probe the motion of nuclei in the direction of the
applied magnetic ﬁeld gradient114. The two pulses are of equal
duration and amplitude and are separated by a time delay (D). The
net effect of the paired gradient pulses is to dephase magnetisation
from nuclei which have undergone diffusion during the time delay,
resulting in measurable signal attenuation16.
Typically, a diffusion-sensitive MRI sequence comprises a
number of diffusion gradient pulses applied along multiple axes as
well as imaging gradients for spatial localization of the signal. It
then becomes convenient to summarize the combined inﬂuence of
the gradients through calculation of the b-factor115. The sb-factor
determines the overall diffusion weighting of a sequence in the
same way that the echo time characterizes the degree of T2
weighting. Acquisition of images with multiple b-factors thus al-
lows the diffusion coefﬁcient to be mapped on a pixel-by-pixel
basis16.
When measuring the diffusion coefﬁcient of water molecules in
physiological systems, there is signiﬁcant interaction between the
water molecules and their surrounding environment during the
timescale of the experiment, and the parameter measured is the
apparent diffusion coefﬁcient (ADC)16. Consequently, measuring
the ADC of water molecules within the cartilage ECM can be used to
infer cartilage tissue structure and architecture, with increased
diffusivity linked to structural degradation of the ECM116,117.
The two most popular DWI techniques are the diffusion-
weighted turbo spin echo (DW-TSE) and the diffusion-weighted
echo planar imaging (DW-EPI) sequences. The most useful
sequence for DWI of themusculoskeletal system is the reversed fast
imaging with steady precession with diffusion weighting (DW-
FISP), which allows the acquisition of high resolution images in as
little as a few seconds per slice, due to the short repetition times
used118. Quantitative in vivo diffusion imaging of cartilage using
diffusion-weighted double echo steady state free precession (SSFP)
has also been described119. This technique provides diffusion
quantiﬁcation independent of the relaxation time.
Studies have shown Diffusion-weighted imaging (DWI) can be
potentially used for evaluating cartilage degeneration in vivo120 and
monitoring its repair following surgery121,122. A recent longitudinal
study demonstrated the ability of DWI to differentiate between
healthy and repaired cartilage at different time points after surgery
Fig. 7. 68-year-old man with KellgreneLawrence grade 1 OA. Two representative dGEMRIC-T1 maps from T1 values (spatial resolution 0.7  0.7  1.5 mm) obtained before (a, b)
and after contrast agent injection (c, d). The color bar scale at the right indicates the T1 values in ms. The proﬁle plots (e) show the variations in T1 relaxation times of cartilage
regions along the vertical lines in Fig. 5(A) and (C) with T1 mapping before and after contrast agent injection. The T1 relaxation times varied in a different range OR in different
ranges before and after contrast agent injection with the range obviously much higher before contrast agent injection. The error bars show the standard deviations of values of 5  5
pixels centered on each point along the vertical line within the cartilage regions. The average dGEMRIC-T1 value was sharply decreased after intravenous administration of Gd
contrast agent (1244.134 ms vs. 643.227 ms, P < 0.05), depending upon the degree of cartilage degeneration. (Image reproduced with written permission: original publication e
Wang L, Regatte RR. Acad Radiol. 2014;21:463e71.)
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Fig. 8. 37-year-old manwith a large area of low sodium signal to noise ratio on the patellar cartilage layer on the axial sodium image of the apex patella, corresponding to a low GAG
content (a) while on the morphological axial proton density-weighted only image early signs of degeneration can be detected as a superﬁcial cartilage irregularity (b). The image
resolution is 1.5  1.4  3.0 mm.
Fig. 9. Sodium maps from a 30-year-old male KellgreneLawrence grade 0 control subject (Control) and a 64-year-old woman with KellgreneLawrence grade 2 OA. Maps (spatial
resolution 2.0  2.0  2.0 mm) were reconstructed from data acquired with ﬂuid suppression (inversion recovery wide-band uniform rate and smooth truncation (IR-WURST [IRW])
sequence) and without ﬂuid suppression (radial 3D sequence [R3D]). Sodium concentrations in the radial 3D sequence are similar for both subjects. Note the higher difference in
sodium concentration with IR WURST between femorotibial medial and femorotibial lateral regions of control subject and patient with OA compared with radial 3D. (Image
reproduced with written permission: original publication e Madelin G, Babb J, Xia D, et al. Radiology. 2013;268:481e91.)
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transplantation123. The authors, however, highlighted the difﬁculty
in obtaining precise measures of the diffusion values, and
compared only the relative changes in diffusivity in this study.
DTI is a DWI based technique that evaluates the direction of
water mobility with the ECM. The microarchitecture of normal
cartilage causes anisotropic water diffusion. A change in anisotropy
can indicate changes in collagen architecture124. One limitation of
DTI is that it is time consuming. Additionally, the high-resolutionDTI protocols required to measure the articular cartilage are difﬁ-
cult to implement in vivo.
Diffusion imagingmaysupplementotherquantitative techniques
for evaluating cartilage, but clinical studies that use the technique
are scarce. Recent studies by Raya and colleagues to determine the
feasibility of in vivo DTI have shown promising results124e126. In a
study that included histological analysis, DTI of cartilage-on-bone
samples drilled from human patellae at 17.6 T showed samples
with OARSI grade greater than 0 had signiﬁcantly increased
Fig. 10. 45-year-old woman with a normal femoral cartilage layer on standard MRI
(not shown). The sagittal gagCEST MRI shows lower gagCEST asymmetries (by means
of MTRasym values) in the weight-bearing zone (blue, arrow) compared to other non-
weight-bearing cartilage regions of the femoral condyle, correlating with a lower
GAG content as an early sign of focal cartilage degeneration. Blue area represents
gagCEST MTR asymmetry value of 6, which correspond to the low GAG region. Red
area corresponds to the MTRasym values of þ13, which is high in GAG content. Light
green area shows intermediate MTRasym values, which correspond to the intermediate
GAG content. The gagCEST does not provide absolute GAG quantiﬁcation. The scale
goes from negative to positive since this is a technical property of gagCEST.
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cartilage growing deeper into cartilage with increasing OARSI
grade124. Moreover, samples with an OARSI grade greater than
0 showed signiﬁcantly decreased fractional anisotropy in the deep
cartilage, suggesting that changes in the collagen architecture may
occur early in cartilage degradation124. In vivo DTI of articular carti-
lage of the knee at 7 T could differentiate knees with and without
radiographic knee OA and showed excellent reproducibility125.
Magnetization Transfer Contrast (MTC)-based techniques including
gagCEST
Water in the ECM is found in two physical states, either asso-
ciated with macromolecules or in a free state. Water associated
with macromolecules has short T2 relaxation times, and, thus, a
broad resonance peak. Off-resonance RF pulses can therefore be
applied prior to imaging to saturate the water associated with
macromolecules. This saturation is exchanged to the free water
causing a loss of image signal intensity. The magnetization ex-
change can occur by either dipolar coupling or chemical exchange.
MTC can therefore estimate cartilage macromolecular concentra-
tion (predominantly collagen) by measurement of this effect by
acquiring images with and without the off-resonance pulse.
Moreover, ex-vivo studies of animal cartilage tissues showed MT
ratio is dependent on the amount of free water content/volume and
collagen concentration and that MT ratio is depth-dependent and is
relatively higher in radial zone compared to the superﬁcial zone127.
Yao and colleagues reported the insensitivity of MT ratio mea-
surements to early cartilage degeneration, suggesting that the
dependence of the MT ratio on multiple factors makes variation in
MT ratios difﬁcult to interpret128.
GAG chemical exchange saturation transfer imaging (gagCEST)
is an MTC-based technique in which off-resonance RF saturation
pulses are applied at frequencies speciﬁc to chemically exchange-
able protons residing on the hydroxyl groups of cartilage GAGs129.
With gagCEST MRI, transfer of magnetization is studied in mobile
macromolecules instead of semisolids, in contrast toMTC. Thus, the
measurements are GAG-molecule speciﬁc and avoid the practical
limitations of dGEMRIC and 23Na imaging. Limitations of gagCEST
include that an ultra-high ﬁeld MR system is required, the
increased energy deposition due to long saturation RF pulses, and
complex post-processing. A recent study with gagCEST using 3 T
MRI, found the technique to be comparable to dGEMRIC and T2
mapping for detecting normal and damaged cartilage130.
Clinical studies examining the potential role of gagCEST in
assessment of OA related cartilage degeneration are lacking.
Feasibility studies using in vivo gagCEST have shown gagCEST MRI
to be sensitive to GAG levels in the cartilage (Fig. 10)129. In addition,
the method allows one to clearly demarcate glycosaminoglycan
measurements from cartilage and synovial ﬂuid regions131. A recent
study by Rehnitz et al. prospectively compared gagCEST with
dGEMRIC and T2130. The authors of this study reported that gagC-
EST was non-inferior in distinguishing healthy from damaged
cartilage when compared to dGEMRIC and T2 mapping. Further
studies are needed to establish the potential value of this technique
in assessment of OA related cartilage degeneration.
Summary and outlook
Advanced MRI techniques enable evaluation of the biochemical
or ultrastructural composition of articular cartilage relevant to OA
research. Compositional MRI techniques have the potential to
supplement clinical MRI sequences in identifying cartilage degen-
eration at an earlier stage than is possible today using morphologic
sequences only. To date, however, the relevance of these techniquesto clinical or structural outcomes is unclear and there is a lack of
studies focusing on responsiveness. Although the different tech-
niques are complementary with some focusing on isotropy or the
collagen network (e.g., T2 mapping) others are more speciﬁc in
regard to tissue composition, e.g., gagCEST or dGEMRIC that convey
information on the GAG concentration. In addition to the different
tissue components that are targeted by the different techniques,
applicability and feasibility will play an important role in the
implementation of the different techniques. Some techniques such
as T2 mapping and dGEMRIC are easily applied at standard clinical
platforms, while others such as T1rho, gagCEST or sodium imaging
require either ultra high ﬁeld systems or other dedicated hardware
or software.
Compositional MRI techniques are likely to enhance our un-
derstanding of early disease, thanks to their capability to detect
ultrastructural tissue alterations that are not conceivable by visual
assessment. These techniques may potentially be applied to
monitor response to conservative, pharmacologic or surgical
treatment approaches in order to show either delayed onset or
slowing of progression of disease, or improvement of already
established tissue damage. Once joint damage has progressed to
stages beyond focal or ultrastructural pathology, compositional
MRI will likely only play a secondary role in joint assessment. At
present it seems paramount to engage in study endeavors that
focus on early disease and disease onset to develop and evaluate
interventional approaches in stages of potential reversibility132. In
addition, the role of compositional MRI in pre-treatment stratiﬁ-
cation needs to be elucidated further to characterize patients or
joints that are likely to beneﬁt most from a given established
intervention105.
Although the particular strengths and weaknesses of the
different compositional MRI techniques still need to be determined,
they seem to offer much in terms of predicting structural and
clinical outcomes, taking into account feasibility of application,
reliability and responsiveness of the different techniques available
today.
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